To investigate whether skeletal muscle anaerobic metabolism, oxidative metabolism or metabolic economy during controlled sub-maximal and near-maximal exercises is altered in overweight women after diet-induced weight reduction, and whether these parameters are different between normal-weight, obesity-prone and normal-weight obesity-resistant women with similar physical fitness levels. DESIGN: A prospective weight loss study of overweight women and their comparison with never overweight controls. SUBJECTS: Thirty overweight, nondiabetic, premenopausal women and 28 never overweight controls were included in this analysis. All were participating in a longitudinal investigation of the role of energy metabolism in the etiology of obesity. The overweight women were recruited specifically to have a positive family history of obesity and have a body mass index (BMI) between 27 and 30 kg=m 2 and were studied in the overweight state and after reduction to a normal weight. The neveroverweight controls were recruited specifically to have no personal and family history of obesity and were group matched with the weight-reduced post-overweight subjects in terms of premenopausal status, age, BMI, race and sedentary lifestyle. MEASUREMENTS: All testing was performed following one month of weight maintenance and during the follicular phase of the menstrual cycle. Hydrostatic weighing was performed to measure body composition and a whole-body maximal oxygen uptake (VO 2max ) test was done to measure aerobic fitness.
Introduction
Historically, skeletal muscle metabolic capacity has been evaluated through the use of histochemical staining or 'fiber typing' of biopsy samples. With data from these measurements, it has been hypothesized that skeletal muscle fiber type composition plays a role in the etiology of obesity. 1 The type I (slow-twitch, oxidative) fibers contain many mitochondria and have a high capacity for fatty acid oxidation, whereas type IIb (fast-twitch, glycolytic) fibers have low mitochondrial enzyme activities and are more dependent on non-oxidative or 'anaerobic' metabolism. 2 A number of cross-sectional studies have found low proportions of type I fibers and high proportions of type IIb fibers in male populations with high body fat stores. 3 -5 This same trend has also been noted in mixed male and female populations with high body fat stores. 1, 6 These results have led investigators to hypothesize that the underlying differences in substrate oxidation capacities of certain fiber types may predispose individuals to obesity. 1 More recently, Basset and Simoneau have championed the concept of using skeletal muscle enzyme activities rather than fiber type classification for studying skeletal muscle function and capacity. 7, 8 The main reason for using skeletal muscle enzyme activities is that constituent motor units in most mammalian skeletal muscle exhibit a quantitative spectrum for any given physiological or metabolic characteristic. 9, 10 Consequently, these characteristics do not necessarily fall into distinct categories, as do fiber types. Another reason is that the identification of fiber types by histochemical staining was developed in animal models and may not be completely applicable in humans. 10 Consequently, an alternative way to evaluate the functional capacity of skeletal muscle is to perform biochemical analysis of maximal enzyme activities from biopsy samples. Studies have demonstrated that maximal capacities of certain oxidative and glycolytic enzymes correlate more strongly to obesity and insulin resistance than fiber type alone. 11, 12 For example, Simoneau and Bouchard have reported that low activity of malate dehydrogenase, a marker enzyme of the TCA cycle, was better correlated with adiposity than was fiber type. 12 However, the relationship between enzyme markers of anaerobic metabolism and obesity has not been studied extensively. The two studies we are aware of could not definitively link the ratio of maximal glycolytic activity to aerobic enzyme activities to obesity. 13, 14 However, neither of these study controlled for physical activity or reported fitness levels of their subjects. 31 P magnetic resonance spectroscopy ( 31 P MRS) is a noninvasive technique that can be used to evaluate both oxidative and non-oxidative metabolism in exercising human skeletal muscle. 31 P MRS allows monitoring of the time course of change in phosphate metabolites during an exercise task. This information can be used to model the net forward ATP production from the creatine kinase reaction (CK), oxidative phosphorylation (OxPhos) and anaerobic glycolysis (AnGly). 15 -17 Additionally, mitochondrial function can be estimated from published methods. 17 -22 For example, the recovery time constant of PCr (TC PCr ), the recovery time constant of ADP (TC ADP ), the instantaneous initial PCr recovery rate calculated from the TC PCr (V PCr ), and the apparent mitochondrial capacity (Q max ) can be used to assess mitochondrial function. 17 -22 Unlike maximal enzyme activities from biopsy samples, 31 P MRS allows noninvasive and in vivo study of energy metabolism of human skeletal muscle while all of the physiologic and biochemical control and feedback mechanisms are functioning. MRS derived data should lead to a better understanding of muscle metabolism and its association with obesity. Using 31 P MRS our laboratory has recently reported that maximal mitochondrial function (ie oxidative metabolism) is neither significantly altered by diet-induced weight reduction nor impaired in normal-weight, post-overweight women relative to never-overweight controls with similar levels of physical fitness. 21 In that study, we found that the achievement of a true maximal effort is strongly dependent on subject motivation and can be difficult to achieve in sedentary individuals not accustomed to performing fulleffort exercises. Consequently, the population studied in our previous paper may have been skewed towards individuals who exhibited a higher motivation and thus may not truly reflect a generalized overweight population.
Since we have shown that a controlled near-maximal exercise (ie 90 s isometric plantar flexion exercise at 70% of maximum voluntary contraction level) elicits essentially the same metabolic results as a maximal exercise, 21 we use this type of exercise to estimate maximal mitochondrial capacity and improve subject compliance in our sedentary population. We also extend our previous mitochondrial function comparisons of the overweight, post-overweight, and never overweight controls to include anaerobic metabolism, metabolic economy, and additional markers of mitochondrial function. Thus, the purpose of this analysis is: (1) to determine whether skeletal muscle anaerobic metabolism, oxidative metabolism or metabolic economy during controlled sub-maximal and near-maximal exercises is altered in overweight women after diet-induced weight reduction; and (2) to see if these parameters are different between weight-reduced women and never-overweight controls. A secondary purpose of this paper is to present the test-retest reproducibility for the 31 P MRS data and metabolic calculations.
Methods

Subjects
Thirty moderately overweight, nondiabetic, premenopausal women (20 white and 10 black) and 28 never-overweight controls (18 white and 10 black) were included in this analysis. All of these women were participating in a longitudinal investigation of the role of energy metabolism in the etiology of obesity. Of the 30 overweight women enrolled in this study, six had incomplete data in the overweight state. Consequently, comparisons between overweight and weightreduced women included only 24 subjects (14 white and 10 black).
The overweight women were recruited specifically to have a positive family history of obesity and to have a body mass index (BMI) between 27 and 30 kg=m 2 . The women were evaluated before (ie overweight state) and after diet-induced weight reduction to a normal body weight (BMI < 25 kg=m 2 ;
Skeletal muscle metabolism BR Newcomer et al ie post-overweight state). The never-overweight controls were recruited specifically to have no personal or family history of obesity and were group matched with the postoverweight subjects in terms of age, BMI and race. All subjects were premenopausal and had a sedentary lifestyle. None of the women were taking medications known to affect body composition, insulin sensitivity or energy metabolism. The involvement of human subjects was approved by The University of Alabama at Birmingham (UAB) Institutional Review Board. All volunteers were screened and briefed about the experimental protocol, and informed consent was obtained before testing.
Experimental protocol
All testing was performed following one month of weight maintenance, which was controlled by the General Clinical Research Center (GCRC) at the University of Alabama at Birmingham. For the 2 weeks preceding testing, a macronutrient-controlled diet (16% protein, 20% fat, 64% carbohydrate) was provided by the GCRC to all subjects. The caloric level was adjusted to ensure weight stability, which was measured five times weekly at the GCRC. All testing was performed in the follicular phase of the menstrual cycle (ie within 10 days of the start of menses). The overweight women participating in the weight-reduction phase of this study were given foods providing 800 kcal=day (22% protein, 14% fat, 64% carbohydrate) for the length of time needed to lose a minimum of 10 kg and achieve a BMI < 25 kg=m 2 . No exercise instructions or psychological interventions were provided. All subjects included in the analysis completed both an exercise session in the exercise physiology laboratory and an in-magnet exercise session at the magnetic resonance center. All exercise sessions were performed at least 2 days apart.
Whole body maximal oxygen uptake (VO 2max ) and body composition measurements In the exercise physiology laboratory, hydrostatic weighing was performed to measure body composition, and a wholebody maximal oxygen uptake (VO 2max ) test was done to measure aerobic fitness. VO 2max and body composition measurements were performed in the morning following an overnight fast. VO 2max was determined by indirect calorimetry on a treadmill using a modified Bruce Protocol to exhaustion as described in detail elsewhere. 20, 21 The highest VO 2 , respiratory exchange ratio (RER) and heart rate (HR) achieved were recorded as VO 2max , RER peak and HR peak , respectively. Body composition was determined by hydrostatic weighing. Residual volume was measured simultaneously by the closed circuit O 2 dilution method. 23 A correction factor of 0.1 l was used for gastrointestinal gas. Percentage body fat was calculated from body density using the Siri formula. 24 Skeletal muscle metabolism and metabolic economy measurements 1 H magnetic resonance images (MRIs) and 31 P-MRS were collected on a 4.1 T whole body imaging and spectroscopy system as previously described. 20, 21, 25 Subjects were requested to fast and abstain from caffeinated beverages for at least 6 h, and from exercise for at least 24 h prior to testing. The subjects performed unilateral isometric plantar flexion exercises using a laboratory-constructed exercise bench that attaches to the patient table of the spectrometer. This type of exercise device primarily exercises the gastrocnemius=soleus muscle groups.
In-magnet exercises consisted of 90 s isometric plantar flexion exercises at 45% and 70% of the subject's theoretical MVC force level. Each exercise was separated by a 15 min recovery period. The theoretical MVC force levels were determined from the maximum cross-sectional areas of the gastrocnemius and soleus muscle groups as determined by MRI images. 15, 26 As previously described, a 7 cm 1 H= 31 P surface coil was used to collect 2 s time-resolved 31 P-MRS data during 60 s of rest, 90 s of exercise, and 7.5 min of recovery. 20, 21 The coil was fastened to the underbelly of the calf muscle centered about its maximum circumference. 31 P-MRS data were collected using the following parameters: TR ¼ 2000 ms, four dummy pulses, one average, and a halfpassage adiabatic excitation pulse. 31 P spectra were analyzed as previously described using time domain fitting. 20, 21, 25 The net forward ATP production rates from the creatine kinase reaction (CK), oxidative phosphorylation (OxPhos) and anaerobic glycolysis (AnGly) were calculated using the methods of Boska 15, 17 and Newcomer et al. 16 Additionally, mitochondrial function was estimated from the recovery time constant of ADP (TC ADP ) 18, 19 and from Kemp et al's V PCr and Q max . 17, 22 Historically, the quantity V PCr was used when spectra are collected with time resolution too slow to directly measure the initial PCr recovery slope. V PCr was intended to reflect initial PCr recovery rate, the same quantity as the OxPhos parameter discussed previously. The calculation of Q max was based on V PCr , the endexercise [ADP] , and an assumption of ADP control of the mitochondria via a Michaelis -Menten kinetic control model. Q max is a quantity intended to represent the apparent maximal oxidative ATP production rate which is proportional to muscle mitochondrial density.
Reproducibility
To determine the reproducibility of MRS parameters, seven subjects (three study subjects and four additional subjects) completed two in-magnet exercise tests. Approximately 4 weeks separated the tests. During the 're-test' session, the coil was positioned over the belly of the calf in the same manner as the previous testing session. The exercise protocol was repeated. The subjects were advised to follow a similar diet and asked not to change their physical activity habits. The time of day that the subjects were studied was also constant between trials.
Skeletal muscle metabolism BR Newcomer et al Statistics All data reported in this paper are displayed as the mean AE 1 s.d. For statistical comparisons, the changes in muscle parameters between the overweight and post-overweight groups were tested using a 2Â2 analysis of variance (ANOVA) with repeated measures on the subjects and the exercise level. Differences in muscle parameters between the post-overweight and controls were tested using a 2Â2 ANOVA with repeated measures on the exercise level. Student -Newman -Keuls multiple comparison tests were used to obtain significance of the differences with all ANOVA comparisons. Test -retest reproducibility was assessed using simple correlations and standard error of predictions (s.e.p.) about the mean. All statistical analysis was performed using SigmaStat (Jandel Scientific) with a ¼ 0.05.
Results
Subject characteristics, VO 2max and habitual physical activity Table 1 illustrates the physical characteristics of the experimental women in the overweight and post-overweight states. The overweight women lost an average of 12.3 kg over a 4 -7 month period, resulting in significant decreases in BMI and percentage body fat. No significant differences in VO 2max (ml=min) were found with weight reduction. However, when expressed in ml=kg=min, VO 2max was significantly higher following weight reduction due to the reduction in body weight. Other treadmill test parameters (HR, RER) were similar following weight reduction indicating efforts during the overweight and post-overweight tests were similar. Table 2 illustrates the physical characteristics of the postoverweight and never-overweight controls. The control group was slightly younger and had slightly lower body weight and BMI and slightly higher VO 2max . Finally, the post-overweight and control groups had similar treadmill test parameters (HR max , RER max ) indicating that the subject's efforts during the maximal treadmill tests were similar. Table 3 shows the results of reproducibility measurements for selected parameters for the 45% and 70% MVC exercises. Six of the seven subjects were retested in the follicular phase anaerobic glycolysis ATP production rate. CK, creatine kinase ATP production rate. OxPhos, oxidative phosphorylation ATP production rate. ME, metabolic economy. TC ADP , the recovery time constant of ADP. V PCr , the initial PCr recovery rate as calculated from the recovery time constant of PCr. Q max , maximum oxidative phosphorylation ATP production rate.
Reproducibility
Skeletal muscle metabolism BR Newcomer et al of the menstrual cycle 36.1 AE 14 days after the initial testing. Because of a scheduling constraint, one subject was retested in the luteal phase. Test -retest data from the latter subject does not appear to be any more or less variable than data from the other subjects and does not alter the results when omitted. Overall, the markers of aerobic metabolism were slightly more reproducible than the markers of anaerobic metabolism. The metabolic economy was the most reproducible parameter with an r 2 of 0.98 -0.99. All metabolic markers appeared to be reproducible for both exercise intensities.
Skeletal muscle parameters measured by 31 P MRS Table 4 shows the ATP production rates from AnGly, the CK reaction, OxPhos, and metabolic economy in the overweight vs post-overweight groups. Table 4 also shows the additional mitochondrial function markers studied. Only the 70% MVC data is shown in these graphs because similar trends were seen at both exercise intensity levels. Diet induced weight loss did not affect the AnGly, CK, or OxPhos rates (two-way RM-ANOVA, P < 0.001 for the main exercise level comparisons; P > 0.17 for all overweight vs post-overweight comparisons). Furthermore, diet-induced weight loss did not affect the muscle metabolic economy (ME) (two-way RM-ANOVA, P ¼ 0.26 for the main exercise level comparison; P ¼ 0.63 for all overweight vs post-overweight comparisons). Diet-induced weight loss resulted in a lower TC ADP in the post-overweight women following the 45% and 70% MVC exercises (two-way RM-ANOVA, P ¼ 0.02 for the main exercise level comparison; P ¼ 0.01 for all overweight vs postoverweight comparisons). Finally, diet-induced weight loss resulted in an improved Q max in the post-overweight as compared to the overweight group (paired t-test, P ¼ 0.01). A lower TC ADP and higher Q max data imply higher mitochondrial functioning or oxidative capacity in the post-overweight group. Table 5 shows the ATP production rates from AnGly, the CK reaction, OxPhos, and ME economy in the post-overweight versus control groups. Table 5 also shows the additional mitochondrial function markers studied. Again, only the 70% MVC data is shown. AnGly, CK and OxPhos rates and all markers of mitochondrial function were similar between post-overweight and never-overweight controls (two-way ANOVA, P < 0.001 for the interactions between exercise levels; P > 0.20 for all post-overweight vs control comparisons). ME was also similar between these two groups (two-way ANOVA, P ¼ 0.16 for the interactions between exercise levels; P ¼ 0.99 for all post-overweight vs control comparisons).
Discussion
To our knowledge, this is the first study to look at anaerobic and aerobic metabolism following diet-induced weight loss using 31 P MRS. The main objective of the study was to determine whether anaerobic metabolism, oxidative metabolism and=or skeletal muscle ME during sub-maximal and controlled near-maximal exercises were altered in overweight women after diet-induced weight reduction. We were also interested in whether these parameters are different between weight-reduced women and never-overweight controls. Our study shows that skeletal muscle energy metabolism and economy is similar once the overweight women were reduced to a normal-weight state as compared to the never overweight controls that had similar fitness levels. However, in the overweight state, several of the mitochondrial function markers were reduced relative to their normal-weight state. This indicates a potential reduction in oxidative metabolism and=or blood flow.
Our finding of no significant affects of diet-induced weight loss on anaerobic metabolism (ie AnGly and CK rates) is similar to the results of Simoneau et al 14 and Simoneau and Kelly, 13 who found no differences in the maximal activity of marker enzymes of the glycolytic pathway in skeletal muscle of overweight women compared to non-overweight controls.
14 Their studies were only able to AnGly, anaerobic glycolysis ATP production rate. CK, creatine kinase ATP production rate. OxPhos, oxidative phosphorylation ATP production rate. ME, metabolic economy. TC ADP , the recovery time constant of ADP. Q max , maximum oxidative phosphorylation ATP production rate.
a There was a difference in the mean values between populations (P < 0.05). AnGly, anaerobic glycolysis ATP production rate. CK, creatine kinase ATP production rate. OxPhos, oxidative phosphorylation ATP production rate. ME, metabolic economy. TC ADP , the recovery time constant of ADP. Q max ¼ maximum oxidative phosphorylation ATP production rate.
Skeletal muscle metabolism BR Newcomer et al demonstrate differences between populations when they took the ratio of the phosphofructokinase (PFK; a marker enzyme of glycolysis) to citrate synthase (CS; a marker enzyme of the TCA cycle) activities. 14 These studies reported no differences in the activity of PFK in these populations. 13, 14 Since CS was different between groups, these results probably reflect the differences in the CS activities between populations and not to any differences in anaerobic enzyme activities.
With respect to oxidative capacity of skeletal muscle, we found that diet-induced weight loss improved some but not all markers of mitochondrial function. First, diet-induced weight loss had no significant effect on the OxPhos ATP production rate or V PCr during submaximal and controlled near maximal isometric exercises. However, the TC ADP and Q max markers showed significant improvements in mitochondrial function after diet-induced weight loss. Similar results for OxPhos were reported by Larson-Meyer et al during maximal isometric exercises in a subset of this population. 21 Larson-Meyer et al also showed a trend towards the improvement of TC ADP with weight reduction. 21 One explanation for these contrasting results may be that some of these markers are more influenced by blood flow.
Traditionally, the TC ADP has been used to reflect mitochondrial function. 18, 19, 28 V PCr reflects the instantaneous rate of mitochondrial ATP production following the cessation of exercise. 22 Q max represents the maximum oxidative ATP production rate of the mitochondria and is related to the mitochondrial density of the muscle. 22 The TC ADP and Q max are calculated from the entire set of recovery data and thus can be highly dependent on blood flow to the muscle following an exercise bout. TC ADP and Q max will reflect differences in muscle perfusion and any differences in reactive hyperemia induced by the preceding exercise. 17 The OxPhos parameter minimizes the effects of blood flow to the muscle following exercise on the initial PCr recovery rate. 15 -17 As discussed by Boska et al, the OxPhos parameter reflects muscle aerobic ATP production that is related to the number of mitochondria, the amount of stored substrates and O 2 in the muscle and blood at the beginning of the contraction. 17 Thus, OxPhos reflects both O 2 stores and mitochondrial function. 17 The TC ADP and Q max parameters reflect a combination of muscle perfusion and mitochondrial function. 17 When O 2 stores are depleted during an isometric exercise, it has been shown in severely hypoxemic pulmonary patients that the initial PCr recovery rate (OxPhos) is delayed even though mitochondrial function and perfusion are normal (ie normal TC ADP ). 27 When the initial PCr recovery rate is delayed along with an increase in TC ADP and a decreased Q max then blood flow reductions and=or mitochondrial myopathy may be implicated. 28 Furthermore, it has also been shown that these combinations of mitochondrial function markers can distinguish patients with peripheral vascular occlusive disease (PVOD) who suffer from flow deficits from those with flow deficits and mitochondrial myopathies. PVOD patients suffering from flow deficits alone will have normal initial PCr recovery rates (OxPhos) along with increased TC ADP and decreased Q max (ie normal mitochondrial function that is limited by blood flow to the muscle following the cessation of exercise). 17 Thus, when we apply these same mitochondrial function markers to an overweight population it appears that improvements of oxidative capacity with weight loss are not necessarily due to improvements in the mitochondrial apparatus, substrate utilization, or the amount of stored O 2 at the beginning of the contraction. If there were a mitochondrial myopathy and=or substrate utilization problem in the overweight state then we would expect to see a dietinduced weight loss effect on OxPhos and=or V PCr . Since the initial PCr recovery rates (OxPhos and V PCr ) were unaffected by weight loss, the TC ADP and Q max results reflect a limitation in blood flow to the muscle following the cessation of exercise. Reduction in blood flow in the overweight state may be related to compromised capillary beds and, in turn, to fat infiltration to the muscle, which may ultimately reduce blood circulation and=or O 2 extraction. Similarly, reduced reactive hyperemia in the overweight state may lead to reduced replenishment of O 2 and substrates to the muscle following exercise. Further study is needed to substantiate this hypothesis.
Since it is difficult to identify individuals in the pre-overweight state, the post-overweight model is used to compare post-overweight women with a personal and family history of obesity with controls that have never been overweight and have no family history of obesity. With this in mind, the second objective of this study was to compare skeletal muscle metabolism and local skeletal muscle ME between normal-weight, obesity-prone individuals and normalweight obesity-resistant women with similar physical fitness levels.
In this study, the post-overweight women had ATP production rates and skeletal muscle MEs that were similar to those of the never-overweight controls. We found no differences in the markers of anaerobic metabolism or mitochondrial function between the post-overweight and control women. These results are in agreement with our previous analysis that found no differences in mitochondrial function (OxPhos and TC ADP ) between a subset of post-overweight and never-overweight controls that were able to perform maximal exercises. 21 Our mitochondrial function results are also in accordance with the results of Raben et al, who reported that the initial greater mitochondrial enzyme activity (CS and b-hydroxyacyl-CoA dehydrogenase) of control vs post-overweight subjects was no longer apparent after they adjusted for aerobic fitness. 11 Consequently, our data lend support to the argument that the previous studies differences in muscle metabolism between overweight and non-overweight individuals may be due to differences in their fitness levels rather than to an innate metabolic phenotype.
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Conclusions and future directions
Overall, once the overweight women were reduced to a normal-weight state (ie the post-overweight state), their skeletal muscle energy metabolism and economy was similar to the never overweight controls that had similar fitness levels. However, in their overweight state, oxidative metabolism or mitochondrial function, as reflected by a decrease TC ADP and Q max , was reduced. These reductions may be caused by limitations in blood flow to the muscle following the cessation of exercise.
1 H MRI skeletal muscle perfusion studies need to be performed to determine whether these TC ADP and=or Q max changes noted in this study are explained by flow deficits in the overweight state.
